Abstract-In this paper, we describe the development of an ultrastable laser source at 578 nm, realized using frequency sum generation. This source will be used to excite the clock transition 1 S 0 → 3 P 0 in an ytterbium optical lattice clock experiment. Two independent ultrastable lasers have been realized, and the laser frequency noise and stability have been characterized.
I. Introduction
T o realize an yb optical lattice clock, an ultra-stable laser at the wavelength of 578 nm is required. This wavelength corresponds to the 1 s 0 → 3 P 0 clock transition, which has a natural width of ≈10 mhz [1] . Unfortunately, it is not currently available in semiconductor Fabry-Pérot lasers or in fiber laser devices; also, a laser with enough power and narrow linewidth suitable for our purposes cannot be realized using second-harmonic generation from an 1156-nm distributed feedback (dFB) laser, although it is possible using other, wider-linewidth semiconductor lasers [2] .
The yellow light is generated in a waveguide non-linear crystal by frequency sum of a 1319-nm nd:yaG laser and a 1030-nm yb-doped fiber laser [3] , [4] . after the sum generation, two ultrastable laser beams are obtained starting from the same light source. In our setup, two independent Fabry-Pérot cavities are used to stabilize the lasers' frequencies, enabling us to fully characterize the noise spectral properties of the lasers. In fact, after the frequencylocking loops, the correlated part of the noise spectrum of the two lasers is negligible.
II. Frequency sum Generation
The scheme we chose to realize the 578-nm source is shown in Fig. 1 . The laser radiation is obtained by frequency sum generation of two infrared laser sources (1030 and 1319 nm) whose linewidth is of the order of 20 khz. a single-stage frequency stabilization system is therefore enough to realize an ultra-low-noise laser source.
The non-linear crystal we use is a waveguide, magnesium-doped, periodically poled lithium niobate (PPln) single-pass device. Infrared light from both lasers is delivered to one of the 32 channels of the crystal through a polarization-maintaining fiber coupler (y-shaped). The output of the fiber device is a bare fiber end, aligned close to the input face of a selected waveguide channel (the distance is of the order of 1 μm and not all the channels have the same efficiency). To this purpose, the crystal is placed on a high-precision manual 3-axes stage. at the crystal output, a microscope objective collimates the laser beam, and then the residual infrared light is filtered using mirrors for the visible wavelength.
The output power is maximized by tuning the temperature of the crystal. The 578-nm light power, as shown in Fig. 2 , shows a diffraction-like behavior around the phase-matching temperature (around 76°c for our crystal), typical of the non-linear frequency sum process in PPln crystals. We were able to generate up to 12 mW of light at 578 nm, which represents the damage threshold of the crystal.
We measured the short-term, relative power instability of the 578-nm light (Fig. 3 ) because amplitude laser noise can convert to heat noise in the high-finesse cavity. The power impinging on each cavity is now 60 μW, and will be reduced and stabilized in the future.
III. laser Frequency stabilization
Two ultrastable Fabry-Pérot cavities are used as references to independently stabilize the frequency of the clock lasers via the Pound-drever-hall (Pdh) technique. Each cavity is entirely (spacer and mirrors) made of ultra low expansion glass (UlE; corning Inc., corning, ny); its free spectral range is Δν Fsr = 1.5 Ghz (10 cm in length). The finesses of the two cavities are F 1 = 151 000 ± 1000 and F 2 = 224 000 ± 4000, measured using cavity ringdown experiments.
The cavities are realized with a notched cylinder and are suspended horizontally, at four points, on an aluminum structure. Fig. 4 shows a drawing of the cavity ensemble with the aluminum support and the copper thermal shield.
once the Pdh locking is properly executed, the frequency noise spectrum of the laser closely reproduces that of the reference cavity; therefore, it was extremely important to reduce the impact of vibrations that will eventually be converted into laser frequency noise. a proper de- sign and proper suspension of the optical cavity result in a strong attenuation of the vibration sensitivity of the cavity itself, making the design of a compact anti-vibration suspension much easier [5] , [6] . With a goal of reducing the sensitivity of the cavity resonance frequency to vibrations, we have performed a finite element analysis to investigate the elastic deformation of the Fabry-Pérot cavity under the action of gravity. This static boundary condition is then extrapolated to obtain the vibration sensitivity in the vertical and horizontal directions, hereafter referred to as xyz-directions.
The final position of the four suspension pads is chosen to minimize the sensitivity of the optical axis length to vertical acceleration (the cavity is said to be supported at the airy points). When suspended with the pads at the optimal position, not only is the optical axis length variation minimized, but this condition is maintained for relevant displacements from the optical axis on the mirror section.
In Fig. 5 , the vertical sensitivity to vibrations is reported with respect to the vertical displacement from the optical axis and for some possible pad positions. To locate the pad positions, we chose the distance m from the mirror side of the spacer and the distance n from the internal side of the notch. an additional constraint was to have n > 1 mm, so as not to touch the cylindrical part of the spacer with the Viton pads. When the pads are located with m = 19 mm and n = 2 mm, the vertical sensitivity is 4 × 10 −11 s 2 ·m −1 and it is quite constant around the center on the mirror. similar values were obtained for the horizontal x-and y-direction sensitivities and for horizontal displacement on the mirror. as shown, a small change in the pad positions results in a large increase of the sensitivity.
For a better insulation of the cavity from external vibrations and temperature fluctuations, each cavity is separately placed on a passive vibration-isolation platform, inside an acoustic shielding chamber. The cavity is kept in vacuum (<2 × 10 −4 Pa) inside a thermal copper shield, maintained by a 2 l/s ion pump.
The residual mechanical noise on top of the vibrationisolation platform was measured with a seismometer (Fig.  6) ; as can be observed the platform is quite efficient in reducing the vibration above 1 hz in the xyz-directions, allowing on average between 10 and 20 dB of insulation, depending on the Fourier frequency. The finite element analysis shows that the measured residual seismic noise is compatible with an instability in the laser frequency of 1 × 10 −15 at 1 s when the cavity is properly suspended at the airy points.
In view of our spectroscopic application, it is not only important to reduce the laser linewidth, but it is also important to guarantee a low frequency drift. Thermal isolation and stabilization is achieved with a copper shield surrounding the cavity inside the vacuum vessel. a digital control stabilizes the temperature of the shield, acting on two heaters external to the vacuum chamber. Two thermistors measure the temperature inside the vacuum vessel, one is on the copper shield and one is on the cavity support. The UlE cavities have a zero in the coefficient of thermal expansion (cTE) around room temperature. To roughly estimate its value, once the two lasers are locked on the two cavities, a linear temperature ramp is applied to the shield of only one of the cavities, keeping the other as reference while monitoring the beat note frequency of the lasers. aside from an exponential transient and a time lag, the temperature of the cavity itself should vary linearly. The beat note between the laser radiations locked on the two cavities is quadratic versus the temperature of the test cavity, and the vertex of the parabola corresponds to the zero cTE temperature. a quadratic fit of the data allows evaluation of the zero of the cTE at about 21°c, as shown in Fig. 7 ; unfortunately, this temperature is below the room temperature, and hence it was not possible to tune the cavity to this temperature, because the implemented temperature control uses only heating components. The described method needs further improvements to precisely measure the zero cTE temperature. however, as reported later, the frequency drift in the closed temperature loop is low enough for the realization of the optical clock.
The Pdh technique is used to stabilize the frequency of the yellow lasers against the resonances of the cavities. as shown in Fig. 8 , the 578-nm laser at the output of the crystal is split and delivered to the cavities through polarization-maintaining (PM) fibers (about 60 μW of laser light impinges on each cavity).
Two different beams from the same laser are independently frequency stabilized. In both cases, an electro-optic modulator (EoM) is used to add sidebands to the carrier of the yellow laser (clearly visible in the transmission signal, as shown in Fig. 9 ). Thus, an optical circulator/ isolator allows extraction of the reflected beam and allows the Pdh error signal to be obtained. a double-pass acousto-optic modulator (aoM) is used for the fast locking of the laser frequency on its reference cavity. a proportional-integral-derivative (PId) control is used, and a voltage-controlled oscillator (Vco) drives each aoM. The bandwidth of the control is 120 khz, limited by the delay in the aoMs.
The Pdh signal from the first cavity is also used for a slow lock on the piezoelectric actuator of one of the two infrared lasers to correct for the slow drift. a third aoM is then used at fixed frequency to bridge the frequency difference of the two cavities, and to allow a simultaneous lock of the two laser beams onto their reference cavities.
IV. laser characterization
The laser beams, stabilized against the two cavities, are extracted before the optical fibers delivering them to the anti-acoustic chambers and are superimposed on a fast photodiode. The resulting beat note is then filtered, amplified, down-converted and counted using a hydrogen maser as a reference. The noise of the two lasers is independent within the bandwidth of the two controls. The bandwidth is about 120 khz as measured by observing the spectrum of the beat note reported in Fig. 10 . a close-up scan of the beat note allows observation of a lorentzian line profile of (3.8 ± 0.1) hz width that corresponds to a single laser linewidth <2 hz, as shown in Fig. 11 , obtained with a resolution bandwidth of 3 hz, a span of 500 hz, and a sweep time of 617 ms. The observed line broadens if the sweep time is increased. Figs. 12 and 13, respectively, report the phase noise power spectral density and the overlapping allan deviation of the beat note frequency.
The phase noise spectrum has been measured using a frequency-divider (scale factor 40) to manage the high phase noise power at low frequencies. In Fig. 12 , the lower curve shows the phase spectrum with the damping platform activated, whereas the upper curve shows the spectrum when the damping platform is not activated. The baseline of the lower spectrum is fitted by the polynomial
with b −3 = 3.8 rad 2 ·hz 2 , b −2 = 0.05 rad 2 ·hz, b 0 = 3.5 × 10 −8 rad 2 ·hz −1 . In the spectral range between 10 and 1000 hz, an excess of noise with respect to the fitting baseline is evident. considering the upper spectrum, without vibration damping by the platform, there is generally a noise increase in the 10 to 1000 hz range, but in particular two peaks at 10 and 20 hz are observed, with a power of about 2 × 10 −4 rad 2 /hz. These two peaks are caused by the seismic vibrations as reported in Fig. 6 , where the measured acceleration spectrum of the cavity box floor shows peaks at the same frequencies along the x and y directions. Using these peaks, the experimental vibration sensitivity of the cavities is measured to be about 3 × 10 −10 s 2 /m, not the lowest possible as evaluated by the finite element analysis. The discrepancy is probably due to a displacement of the supporting pad positions from the optimum by 1 to 2 mm, as discussed in section III. Fig. 8 . scheme of the optical bench to lock the lasers on the two ultrastable cavities. EoM: electro-optic modulator; aoM: acusto-optic modulator; Vco: voltage-controlled oscillator; PId: proportional-integralderivative control. Fig. 9 . Pound-drever-hall signals from the cavities.
The allan deviation plots shown in Fig. 13 refer to the measurement without vibration damping (upper curve, triangles), with damping (lower curve, squares), and with damping and a linear drift removal on the data (lowest curve, circles). The effect of the damping platform is outstanding for short integration times; the deviation shown for longer averaging times is consistent with a 0.8 hz/s linear drift.
after the drift removal, the flicker floor of the beat note instability is 4 × 10 −15 , probably limited by amplitudeto-frequency-noise conversion. This corresponds to an estimated stability for each laser of 2.8 × 10 −15 . note that the amplitude noise in the laser is not in common mode, because it is caused by the fiber polarization noise and not from the 578-nm laser source. We evaluated the limit from the thermal noise, σ Th 2 , in the UlE cavities using the equation reported in [7] : 
here, k B is the Boltzmann constant, T is the mirror temperature, s and E are the Poisson's ratio and the young's modulus of the UlE glass, L is the cavity length, w 0 is the laser beam radius (1/e field) on the mirror, φ sub and φ coat are the mechanical losses for the mirror substrate and for the coating, and d is the thickness of the coating. considering, in our case, E = 67.6 × 10 9 Pa, s = 0.17, w 0 = 190 μm, L = 0.10 m, d = 2 μm, φ sub = 1.67 × 10 −4 , and φ coat = 4 × 10 −14 in the spectral range 100 hz to 10 khz, we obtain a flicker thermal limit instability of 8 × 10 −16 for each cavity, and about 1 × 10 −15 for the beat note.
another contribution to the flicker frequency noise in a Fabry-Pérot-stabilized laser is the optical power fluctuations, resulting in a resonant frequency fluctuation of the cavity. This phenomenon may be caused by a coating absorption or a radiation pressure effect [8] - [10] . The frequency sensitivity h( f ) to absolute fluctuations of the power transmitted through the cavity, expressed in hertz per microwatt, in the low spectral region ( f ≪ Δν Fsr ) can be approximated as
here, K P is a conversion parameter mainly determined by the features of the mirror and laser beam size, F and L are the cavity finesse and length, and ν 0 is the laser frequency. The power impinging the cavities is 60 μW, the transmitted power is 20%, and its relative instability is compliant with performances of the source, as reported in Fig.  3 , taking into account an excess noise resulting from aM conversion of the polarization noise in the PM fiber that couples the optical table where the laser is generated with the chamber containing the cavity system. The relative power instability is evaluated to be <4 × 10 −3 for averaging time 1 s < τ < 20 s. considering the laser power, the dimensions of the two cavities, and their finesses, the observed flicker floor instability of 4 × 10 −15 is compatible with a frequency sensitivity h( f ) = 75 hz/μW and a conversion parameter K P = 5.8 × 10 −20 m/μW. This latter value is larger than the values reported in [8] , but it is consistent with the value that we measured in another experiment based on two Fabry-Pérot cavities resonating at 1550 nm with the same geometry and materials as the cavities used in this work [11] .
V. conclusions
We have described the generation and frequency stabilization of a 578-nm laser source to be used in an ytterbium optical clock realization. The source has been characterized and its relative frequency instability is presently 2.8 × 10 −15 (flicker floor) corresponding to a linewidth <2 hz. The present realization is not limited by the seismic vibrations sensitivity or temperature fluctuations, although a limitation is provided by conversion from laser amplitude to frequency modulation. This limitation could be improved by decreasing the laser power impinging on the cavity or by its stabilization, to reach the thermal noise limit of 1 × 10 −15 . acknowledgments
